Low electrical and thermal contact resistances are a prerequisite for highly efficient thermoelectric generators. Likewise, certain measurement setups for characterization of thermoelectric materials rely on good-quality contacts between sample and setup. Detachable contacts are an interesting alternative to permanent contacting solutions due to ease of handling and nondestructive disassembly of valuable samples. Therefore, the applicability of gallium-based liquid metal solder as detachable contact material was studied, particularly with regard to compatibility of the solder with state-of-the-art thermoelectric materials CoSb 3 , Mg 2 Si, and FeSi 2 . Tungsten, nickel, chromium, and titanium were tested as protective coatings between the thermoelectric material and liquid metal solder. Electrical measurements showed that some materials form excellent and stable contacts with the solder for a limited temperature range. At higher temperatures, application of a protective layer was found to be necessary for all investigated materials. Tungsten and nickel showed promising results as protective layer.
INTRODUCTION
Increasing energy demands combined with limited fossil-fuel resources have focused research on new energy sources and improvement of current technologies. The approach of converting waste heat to electrical energy using thermoelectric devices is one opportunity to increase the efficiency of any process where waste heat is released. Thus, highly efficient thermoelectric generators are required. Along with the thermoelectric properties of the semiconductor couples inside the module, the contact resistances are a key parameter for efficient operation of such devices. [1] [2] [3] [4] [5] High electrical or thermal contact resistances will strongly deteriorate the efficiency of thermoelectric modules. 6 Furthermore, contact resistances can cause considerable measurement uncertainty in electrical and thermal material characterization, resulting in less trustworthy data and misinterpretations. 7 It was found that very good electrical and thermal contacts of measuring probes is a primary requirement for reliable Seebeck coefficient measurements. 8 One relevant effect of the thermal contact resistance is the generation of a temperature drop across interfaces due to residual heat flow along probe wires. 9, 10 Poor contacts at electrical or thermal interfacial connections can interfere with the homogeneity of electrical and thermal heat fluxes, making simple one-dimensional evaluation models inaccurate or invalid. 11 This work focused on development of detachable contacts for thermoelectric materials using a gallium-based liquid metal solder. Liquid metals have high electrical and thermal conductivity and are therefore of great interest for various applications in research, engineering, and medicine, e.g., in cooling 12, 13 and microelectromechanical systems, 14 or as electrode materials. 15, 16 In particular, Ga-In-Sn alloys are attractive due to their nontoxicity, melting point below room temperature, and chemical compatibility with most metals at ambient temperature. 17, 18 Nevertheless, due to the special chemical properties of gallium, it has high affinity to react with many metals at higher temperatures. 14, 19, 20 Detachable contacts can be highly advantageous compared with permanent ones because of the simpler assembly of a (force-fit) module or simpler installation in a measurement setup. Also samples, parts of the measurement system, or parts of a module can be reused after an experiment or adjustments carried out without causing damage. Irrespective of whether the contacts are solid or liquid, the long-term stability of the interface between the contact material and thermoelectric material is always important. For solid contacts, the soldering process can have a negative influence on the sample properties due to the related heat treatment. For high-temperature applications, solder with melting point higher than the maximum application temperature of the device has to be chosen. This heat treatment may change the thermoelectric or mechanical properties of the sample.
First, we give a short description of the measurement setup we use for characterization of thermoelectric materials. In this setup, liquid metal solder is used to contact the sample with the sample holder, to achieve low electrical and thermal contact resistances. Measurements performed on state-ofthe-art thermoelectric materials have demonstrated that protective coating is necessary for measurements at higher temperatures due to reaction between the soldering material and sample. Such reactions can cause high contact resistance at the interface, resulting in a strongly decreased apparent value of electrical conductivity upon measurement.
We performed annealing experiments of potential coating materials brought into contact with the solder to investigate their long-term stability. Subsequently, samples were analyzed using scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDX).
Finally, several protective coatings were applied to thermoelectric materials by electroplating, physical vapor deposition or direct sintering and characterized by electrical conductivity measurements and SEM analysis. Different methods are presented to demonstrate that there are several possibilities to develop a protective coating. Herein, all interfacial metallic layers are referred to as ''coatings,'' independent of their application method, since their function in all cases is to protect the sample from reaction with the solder.
EXPERIMENTAL SETUP
The configuration employed for electrical conductivity measurements is shown in Fig. 1 . Two identical chromium-plated copper blocks, each equipped with a thermocouple and resistive heater, are the main parts of the sample holder. A sample is placed between the two end-faces of the blocks and contacted with gallium-based liquid metal solder (Galinstan Ò ; Geratherm MEDICAL AG; 68 wt.% to 69 wt.% gallium, 21 wt.% to 22 wt.% indium; 9.5 wt.% to 10.5 wt.% tin). The solder is in liquid phase at room temperature and can be applied to the surface of the sample and the blocks by brush. It sticks to the surfaces due to its high adhesion, and the contact layer has thickness of about 0.5 mm before the sample is attached to the sample holder. A combined thermoelectric measurement (CTEM) system 21 was used for the following experiments. Electrical conductivity measurements can be used to evaluate contact quality roughly, as electrical properties are quite susceptible to contact quality in this arrangement. In the setup, the electrical conductivity is determined by leading an alternating current (AC) via the blocks through the sample holder and measuring the ohmic voltage drop over the sample by one of the thermocouple legs, denoted by U + or U À in Fig. 1 . Comparison of the measured electrical conductivity with a reference value leads to an estimate of the ratio of the contact resistance to the sample resistance. In case of significantly high electrical contact resistance, the electrical conductivity measured in the CTEM is smaller than the reference value, because the measured resistance R ¼ 2R c þ R s includes the sample resistance R s and twice the contact resistance R c . Formation of an insulating layer or low wetting of the block/sample surfaces by solder can cause high contact resistance. Material synthesis and sample fabrication details are given in literature for CoSb 3 , 22 Mg 2 Si, 23 and FeSi 2 . 24 Reference data were obtained using a setup for high-temperature Seebeck coefficient and electrical conductivity measurements. 25 CoSb 3 samples were coated by physical vapor deposition, FeSi 2 by electroplating, and Mg 2 Si by a direct sintering method. 26 Typical layer thickness for sputtering amounts to a few micrometers, for electroplating up to 10 lm, and for the direct sintering method to about 100 lm. Figure 2 shows the results for the investigated thermoelectric materials when soldered with Ga-InSn solder. The drastic changes with temperature and deviations from reference data hint at poor electrical contact between sample and measurement system.
RESULTS
The measurement starts at room temperature, followed by a heating sweep (full circles), then continues with a cooling sweep (open circles) after the maximum temperature is reached. All measurements were performed under vacuum conditions at pressure p < 10 À1 Pa. Figure 2a shows that the room-temperature value for FeSi 2 at the beginning of the measurement fits well to the reference (deviation <5%). Between 350 K and 400 K, there is a strong drop in the electrical conductivity, resulting from an increase in the contact resistance, which saturates at 550 K. The cooling behavior shows a weaker temperature dependence than the reference measurement, which means that the behavior is dominated by high contact resistances. Figure 2b shows a similar behavior for CoSb 3 , starting with a good fit to the reference measurement up to 550 K (deviation <2%) and ending with a strong drop due to an increase in electrical contact resistance. For Mg 2 Si (Fig. 2c) , the measurement looks different. The starting value at room temperature differs from the reference value, indicating that a highly resistive layer forms between Mg 2 Si and the solder even at room temperature. Such high tendency of Mg 2 Si to oxidize was already observed in a study on barrier layer materials for Mg 2 Si/Ni interfaces. 27 In that study, it is described that magnesium oxide forms on the surface, leading to decreased wettability by In-Ga solder, which has properties comparable to the Ga-In-Sn solder employed in our study.
The results in Fig. 2 show that a protective layer is necessary for high-temperature measurements to separate the sample material from the solder and effectively prevent reaction between them. Potential metal coating candidates are titanium, nickel, tungsten, and chromium. Titanium has proved its suitability as a protective coating for CoSb 3 to prevent sublimation of antimony under heat treatment. 28 Nickel and tungsten have been reported to protect incompatible materials from solder. 17 Chromium was also tested, as it is often used as a protective layer for various metals. To check whether the coating material reacted with the solder at higher temperatures, bulk samples of the pure coating materials were annealed in direct contact with the solder in a vacuum oven for 24 h at 773 K. SEM micrographs and elemental compositions from EDX analysis of the samples after this heat treatment are presented in Fig. 3 and Table I. For titanium, it was observed that the color of the sample and the solder became red during the experiment. SEM images showed areas on the sample edge where a compound different from pure titanium was found. Two phases could be , and Mg 2 Si (c) measured in CTEM without protective coating on sample surfaces. Gallium/indium/tin was used as liquid metal solder. Solid symbols are used for the heating and unfilled symbols for the cooling branch of the measurements. All reference data were measured using a system which does not require contact development, due to the use of pressure contacts in a four-probe inline measurement setup.
distinguished in the reaction area, visible in the SEM image as brighter (marked as 1) and darker (marked as 2) areas; corresponding compositions from EDX analysis are given in Table I .
The solder which was in contact with the nickel sample strongly decreased in volume during the experiment, indicating that the solder diffused into the sample. Accordingly, Fig. 3b shows that an almost 200-lm-thick reaction layer (3) formed, containing small inclusions (4). The thin layer on the surface of the sample (5) consisted of In and Sn with only a very small amount of Ga.
For chromium, a crumbly layer formed at the sample surface. The composition of the reaction areas was not uniform. All three elements of the solder as well as chromium were found in all reaction areas. The main difference between the brighter (6) and darker (7) phases lies in the gallium to chromium ratio. Darker areas, which were generally farther away from the sample surface, had higher chromium fraction. The crumbly structure indicates that chromium dissolved into the solder.
For tungsten, no reaction layer was found, indicating that it remains a candidate for protective coating in the temperature range up to 773 K.
Although Ni reacts with the solder, it could be used as a protective layer for FeSi 2 and Mg 2 Si for a limited temperature range or period of time (Fig. 4) . The applied coating methods and the resulting layer thicknesses are summarized in Table II. The results showed that, although Ni formed a reaction layer, this had no detrimental influence on the electrical conductivity measurement results. It was not possible to go to higher temperatures, since the results of Fig. 3 indicate that chromium, which is the protective coating on the blocks of the sample holder, is not a stable protective coating at higher temperatures. For further investigations on the high-temperature behavior of Ni, the coating of the sample holder blocks must be changed.
The heating-up and cooling-down branches fit perfectly together for both nickel-coated materials, so there was no significant change in contact resistance over one measurement cycle. The good agreement with the reference (deviations <3% for FeSi 2 and <5% for Mg 2 Si) implies that contact resistance was low. Attempts to identify a protective coating for CoSb 3 have not yet been successful. In Table I . A two-phase system forms with Ti, a homogeneous layer with small inclusions with Ni, and a crumbly structure with Cr. No reaction layer was found for tungsten. The thickness of the reaction layers on the bulk samples of the coating materials and the solder varied strongly due to differences in their reactivity and corrosion rate. Table I . EDX analysis results for phases in Fig. 3 Composition (at.%) The statistical error for EDX analysis on a polished bulk sample is ±5%.
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none of the experiments was any reaction between the coating and sample or between the coating and solder observed, but high contact resistance was always found. The SEM images in Fig. 5 show that the coating layers were tight and homogeneous, but do not show good adhesion to the sample. A crack between the protective coating and sample leads to high contact resistance. A possible reason for this is the mismatch between the thermal expansion coefficients of CoSb 3 (13.5 9 10 À6 K À1 ) 31 and tungsten (4.3 9 10 À6 K À1 ). 32 Due to this difference, the layer can delaminate from the sample as a result of high shear stress. An attempt using a double-layer coating by adding a titanium interlayer 4 between tungsten and CoSb 3 was not successful, either.
DISCUSSION
These experiments lead to the conclusion that, among the investigated materials, only tungsten is an effective protective layer material for long-term application. The results for the reactivity of tungsten are in accordance with findings for pure gallium and tungsten, 14, 20, 33 for which high corrosion resistance and no reaction up to 1073 K are reported.
Titanium strongly tends to react with the solder; we observed formation of a reaction layer as well as a change of the solder. Dissolution of titanium at 723 K and formation of GaTi 3 (32.6 wt.% Ga) and GaTi 2 (42.1 wt.% Ga) at temperature of 843 K to 893 K were also found in literature, 14, 34 in accordance with the phase diagram. 35, 36 However, on shorter time scales that are still sufficient for material or module characterization (max. 24 h for complete characterization in the CTEM), chromium and nickel can also effectively protect samples from reaction with the solder. Nickel is effective and does not influence the measurement, because the reaction layer has metallic properties. It has much higher electrical conductivity than typical thermoelectric semiconducting samples. Therefore, the influence on the measured electrical conductivity is negligible. The crumbly reaction layer formed at the surface of chromium will cause an increase in contact resistance due to its porous structure. Nevertheless, the reaction is slow, and the sample is only exposed to high temperatures for a short time (complete measurement less than 24 h). Our results indicate that the reaction did not progress far enough to disturb the measurement.
The SEM and EDX analysis results in Fig. 3 and Table I , showing the reactivity of the coating materials with Ga-In-Sn, are in good agreement with results found for the compatibility of gallium with metals.
14 Chromium and gallium form an irregular The four-probe inline reference data were obtained using a system for high-temperature measurements of Seebeck coefficient and electrical conductivity. 25 Solid symbols show the first branch of the measurement when the samples are heated up from point to point, whereas unfilled symbols indicate the subsequent cooling-down branch. Since tungsten showed no reactivity with the Ga-In-Sn solder, it was chosen as the coating material for CoSb 3 . Titanium is known from literature 4 to be a possible interlayer to solve a mismatch between the coefficients of thermal expansion between a substrate and coating. Nickel is known from literature to be a candidate contact material for FeSi 2 30 and Mg 2 Si. 26 corrosion layer after heat treatment at 673 K for 49 h, 19 with corrosion rate of 0.04 mm/day. Furthermore, the same experiment determined a corrosion rate of 0.21 mm/day for nickel with formation of a reaction layer mainly consisting of Ni 2 Ga 3 . This rate for nickel is in good agreement with the rate we found in our experiment (Fig. 3) and also with the high solubility of nickel and liquid gallium (0.11 wt.%/day at 673 K). 20 For chromium, the corrosion rate in our experiment was much higher due to the 100 K higher temperature during the heat treatment.
Without coating, it is possible to keep CoSb 3 in contact with Ga-In-Sn up to 550 K without impacting the measurement due to a change in contact resistance. Nickel is not suitable as a coating material for skutterudites due to the large difference in coefficient of thermal expansion and partial substitution of Ni at Co sites at high temperatures, 4 which could change the thermoelectric properties of the sample. Poor adhesion of the coating to the sample and large difference in thermal expansion coefficient prevented successful coating on CoSb 3 using tungsten. Titanium is described as a possible coating for CoSb 3 skutterudites, 28 but it reacts with the solder at 723 K. Therefore, titanium is a possible candidate as an interlayer material for multilayer coatings to improve adhesion or reduce the mismatch of the coefficient of thermal expansion at the interfaces. 4 The studied silicides FeSi 2 and Mg 2 Si, when uncoated, tend to react with the solder even at temperatures little above room temperature. Although a reaction layer of gallium and nickel forms, nickel can be used as a protective coating for characterization of materials in measurements due to the short time for which the sample is exposed to higher temperatures (typical measurement duration less than 24 h). Successful measurements with FeSi 2 up to 675 K and with Mg 2 Si up to 575 K provide proof of this.
In summary, we performed several experiments on the applicability of a gallium-based solder with state-of-the-art thermoelectrics and different coating materials. The reactivity of the solder in direct contact with coating materials during heat treatment up to 673 K was investigated, and the reaction products of the coating materials with the solder were analyzed using SEM-EDX. We found that tungsten and nickel are promising candidates for protective coating with Ga-In-Sn solder, whereas only tungsten is long-term stable in contact with Ga-In-Sn. An increase of the maximum temperature of stability was achieved for Mg 2 Si and FeSi 2 when protected by nickel coating, leading to a wider accessible temperature range for thermoelectric measurements with interfacial sample contacting.
CONCLUSIONS
Development of contacts is a major part of thermoelectric research, as they are crucial for module assembly and material characterization. Contacts must possess low contact resistance to minimize efficiency losses in energy conversion and measurement errors in material characterization. Furthermore, contacts must be stable in the long term, or-in the case of material characterization-at least for the duration of the measurement. Chemical differences between the various thermoelectric materials require dedicated contact development for each thermoelectric material and application. Our approach focuses on detachable contacts due to the easy handling and the ability to reuse or change parts of the measurement system or module after an experiment.
Tungsten is a long-term stable coating material to protect materials from Ga-In-Sn solder. Due to the observed strong reaction with the solder, titanium can be excluded as a protective coating material. Chromium and nickel also react with the solder, but they are effective protective coatings for short-term applications. In the case of nickel, a highly conductive layer forms but does not cause an increase in contact resistance. Chromium dissolves into the solder and the surface corrodes, but this process is slow compared with the duration of thermoelectric property measurements. KF3139401DF3) funded by the Federal Ministry for Economic Affairs and Energy. Furthermore, the authors would like to thank the Helmholtz Association for financial support. Furthermore, we would really like to thank the reviewers for their work and valuable comments.
